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a b s t r a c t
Sequence of the melanocortin 1 receptor (MC1R) gene (the Extension locus) was obtained
from a panel of 73 animals belonging to 9 Italian sheep breeds or populations (Appenninica,
Bergamasca, Comisana, Cornigliese-like, Delle Langhe, Massese, Merinizzata Italiana, Sarda
andValle del Belice)with different coat colours. Evaluation of the identiﬁedpolymorphisms
on this phenotype was reported with in silico predictions and comparative approaches
within and across breeds and across species. Five novel single nucleotide polymorphisms
(SNPs), organized in three haplotypes, were detected. Another haplotype, including the
two missense mutations already described for the ED allele, was identiﬁed in few Massese
sheep. One SNP (c.199C>T) caused a predicted amino acid substitution (p.R67C) in a highly
conserved position of the ﬁrst intracellular loop of theMC1R protein. The same substitution
causes recessive pheomelanism in other species. We propose that the p.67C allele repre-
sents the recessive e allele at the ovine Extension series that was, so far, not completely
recognized in sheep by classical genetic studies. This polymorphism was analysed in a total
of 388 sheep of the 9 investigated breeds. The p.67C allele was identiﬁed only in the Valle
del Belice breed (allele frequency of 21.3% in 176 analysed animals of this breed) in which
the presence of epistatic white-determining loci might mask, at least in part, its effects.
Conﬁrming the effect of this novel allele on coat colour will lead to new perspectives on
speciathe composition of
1. Introduction
Coat colour in farmanimals is one of themost important
traits considered for breed identiﬁcation and attribution.
Coat colour has other practical applications for ﬁbre pro-
duction in sheep, goats and other farm animals. Variability
in this trait is due to the presence, distribution and bio-
chemical activity of the melanocytes in which two types
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of melanin (eumelanins and pheomelanins, determining
black/brown and red/yellow colours, respectively) are syn-
thesized. A large number of genes affects coat colour
as reported in the laboratory mouse which is consid-
ered as the model species for these studies (Bennett and
Lamoreux, 2003). However, two loci (Agouti and Extension)
play a major role in determining coat colour control-
ling and regulating the relative amounts of eumelanins
and pheomelanins in skin and hair (Searle, 1968). The
Agouti locus encodes for the agouti signalling protein (ASIP;
Bultman et al., 1992), a small paracrine signalling molecule
that interacts with the product of the Extension locus. The
Extension locus encodes for the melanocortin 1 receptor
inant R
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MC1R) that is a seven transmembrane domains protein
elonging to theG-protein coupled receptor present on the
urface of themelanocytemembrane (Robbins et al., 1993).
inding of the MC1R with the  melanocyte-stimulating
ormone (MSH) induces eumelanin synthesis, whereas
lternative binding with ASIP causes a pigment-type
witching from eumelanins to pheomelanins (Lu et al.,
994; Ollmann et al., 1998). The Agouti and Extension loci
how epistatic interactions with few exceptions. Domi-
ant Extension alleles induce black pigmentation, whereas
ecessive alleles extend the production of pheomelanins,
etermining red/yellow/pale pigmentation. The presence
f wild type Extension alleles is usually needed for the
xpression of the mutated Agouti alleles that have, in gen-
ral, opposite models of action, i.e. dominant Agouti alleles
etermine pheomelanic phenotypes, whereas recessive
lleles cause black coat colour (Searle, 1968).
Gain of function and loss of function mutations of
he MC1R gene determining dominant or partially dom-
nant black/dark and recessive or partially recessive
ed/yellow/pale coat colour phenotypes, respectively, have
een described in several mammals, such as mice (Robbins
t al., 1993), humans (Valverde et al., 1995), cattle
Klungland et al., 1995; Joerg et al., 1996; Rouzaud et al.,
000), pigs (Kijas et al., 1998, 2001), horses (Marklundet al.,
996), foxes (Våge et al., 1997; Våge et al., 2005), beach and
ocket mice (Hoekstra et al., 2006; Nachman et al., 2003),
abbits (Fontanesi et al., 2006), and goats (Fontanesi et al.,
009a).
In sheep, classical genetic studies have identiﬁed a two-
llele series at the Extension locus: the dominant black (ED)
llele that may account for the black of a few coloured
reeds; and the wild type (E+) allele widely distributed in
ost breeds in which segregation of Agouti alleles (about
0 Agouti alleles have been described in sheep) should
ccount for the majority of colour variation (Searle, 1968;
ponenberg, 1997). Contrary to other species, the reces-
ive e allele of the Extension locus has not yet been clearly
ocumented in sheep.
Analysing the sheep MC1R gene, Våge et al. (1999)
dentiﬁed two missense mutations (p.M73K and p.D121N)
etermining the dominant black (ED) allele in the Norwe-
ian Dala breed. The presence of these two mutations was
lso observed in other sheep breeds: Corriedale, Damara,
lack Merino, Black Castellana, and Karakul (Våge et al.,
003; Royo et al., 2008). Pharmacological characteriza-
ion of these two amino acid substitutions revealed that
he p.M73K substitution alone was able to constitutively
ctivate the receptor, probably increasing the stability of
he high afﬁnity activated state. However, according to
he phenotype observed in other species having the same
wo mutated positions (chicken p.M73K, Takeuchi et al.,
996; pig, p.D121N, Kijas et al., 1998), it seems reason-
ble to suppose that any of the two mutations could be
ufﬁcient to determine constitutive eumelanin synthesis.
nother hypothesis could be that each of these mutations
ould produce a weaker activation of the receptor similar
o that found in Alaska silver fox and only the presence
f both mutated positions or homozygosity for one or the
ther substitution would be requested to obtain entirely
lack animals (Våge et al., 2003). The alternative form ofesearch 91 (2010) 200–207 201
the MC1R gene identiﬁed by Våge et al. (1999) should cor-
respond to the wild type Extension allele.
Recently, Norris and Whan (2008) characterized the
sheep ASIP gene showing that a 190-kb tandem duplica-
tion encompassing this gene, the AHCY coding region (CDS)
and the ITCH promoter region should be the cause of the
white coat colour of dominant white and tan (AWt) Agouti
sheep. In addition, a not yet characterized regulatorymuta-
tion as well as a deletion of 5bp in exon 2 and a missense
mutation in exon 4 were identiﬁed as the causes of the
black recessive non-agouti (Aa) allele (Gratten et al., 2010;
Norris and Whan, 2008; Royo et al., 2008). Analysis of the
ASIP gene in a few Italian sheep breeds has been obtained
by Fontanesi et al. (in press-a). Animals homozygous for
the Aa allele would not be phenotypically distinguishable
from animals carrying the ED allele and the contemporary
presence of both these alleles have been proposed in a few
black breeds (Roberts and White, 1930). However, the role
of thedominantAWt allele andof theduplicatedASIPgene in
determining white coat colour in sheep has been disputed
suggesting that other genetic factors, besides the Agouti
alleles, are involved in determining the white phenotype
in several ovine breeds (Renieri et al., 2008).
In this study we sequenced the MC1R gene in sev-
eral Italian sheep breeds and populations identifying new
mutations, one of which is possibly affecting coat colour.
Putative interactions with other coat colour loci are dis-
cussed.
2. Materials and methods
2.1. Animals and samples
Blood, hair or milk samples were collected from a total of 388 sheep:
15Appenninica (from2ﬂocks), 14Bergamasca (from1ﬂock), 21Comisana
(from 3 ﬂocks), 12 Cornigliese-like (from 1 ﬂock), 8 Delle Langhe (from 1
ﬂock), 91 Massese (from 3 ﬂocks), 10 Merinizzata Italiana (from 1 ﬂock),
41 Sarda (from 2 ﬂocks) and 176 Valle del Belice (from 4 ﬂocks) sheep.
Coat colour descriptions were available for all animals. Coat colours of the
sheep included in this study were: Appenninica, white hair and unpig-
mented skin; Bergamasca, white hair and unpigmented skin; Comisana,
white hair and unpigmented skin with red cheeks, ears and part of the
neck; Cornigliese-like, white hair and unpigmented skin with black spots
in the head (8 sheep) or with white hair and unpigmented skin (2 sheep)
or with black hair and pigmented skin (1 sheep) or with pigmented skin
and white hair (1 sheep); Delle Langhe, white hair and unpigmented skin;
Massese, blackhair (78 sheep) or greyhair (13 sheep) andpigmented skin;
Merinizzata Italiana, white wool and unpigmented skin; Sarda, white hair
and unpigmented skin (40 sheep) or black hair and pigmented skin (1
sheep); Valle del Belice, white hair and unpigmented skin with some-
times red/brown or black spots in the head (cheeks and ears). Pictures of
the head were available for 79 Valle del Belice sheep (Fig. 1).
2.2. DNA extraction and sequencing
The sequencing panel was constituted of 73 sheep (a subset of the
animals reported in the previous section): 2 Appenninica, 3 Bergamasca,
10 Comisana, 5 Cornella (3 with white hair and with black spots in the
face and in the body; 1 with black hair and pigmented skin; 1 with white
hair and unpigmented skin), 2 Delle Langhe, 24 Massese (18 with black
hair; 6 with grey hair), 4 Merinizzata Italiana, 13 Sarda (12 white hair
and unpigmented skin, 1 with black hair) and 10 Valle del Belice (3 white
hair and unpigmented skin and 7 with red or dark patches in the head)
sheep. DNA was extracted using a standard phenol-chloroform protocol
for blood, the Wizard® Genomic DNA Puriﬁcation kit for blood and milk
(Promega Corporation, Madison, WI, USA) or rapid extraction methods
for milk and hair roots (Russo et al., 2007). Primers for MC1R ampliﬁca-
tion and sequencing (Table 1) were designed with Primer 3 (Whitehead
202 L. Fontanesi et al. / Small Ruminant Research 91 (2010) 200–207
h pale reFig. 1. Pictures of two Valle del Belice sheep: A) completely white; B) wit
ﬁgure legend, the reader is referred to the web version of the article.)
Institute for Biomedical Research, Cambridge, MA, USA) from the pub-
lished bovine, sheep and goat MC1R gene sequences (GenBank accession
numbers: AF445641, Y13965, and FM212940, respectively; Rouzaudet al.,
2000; Våge et al., 1999; Fontanesi et al., 2009a). PCR was performed using
a TGradient thermal cycler (Biometra, Göttingen, Germany) or a PT-100
thermal cycler (MJ Research, Watertown, MA, USA) in a volume of 20L
containing 10–100ng DNA template, 1U DNA EuroTaq DNA polymerase
(EuroClone Ltd., Paington, Devon, UK), 1× PCR Buffer, 2.5mM dNTPs,
10pmol of each primer and optimised MgCl2 concentrations (from 1.0 to
2.0mM). PCRproﬁlewas as follows: 5min at 95 ◦C; 35 ampliﬁcation cycles
of 30 s at 95 ◦C, 30 s at the appropriate annealing temperature (Table 1),
30 s at 72 ◦C; 5min at 72 ◦C. For theMC1R fragments sequencing 3–5L of
PCRproductwas treatedwith2Lof ExoSAP-IT® (USBCorporation, Cleve-
land, Ohio, USA) following the manufacturer’s protocol. Cycle sequencing
of the PCR products was obtained with the Big Dye v3.1 kit (Applied
Biosystems, Foster City, CA, USA) and sequencing reactions, after puriﬁca-
tion steps carried out with EDTA 0.125M, Ethanol 100% and Ethanol 70%,
were loaded on an ABI3100 Avant sequencer (Applied Biosystems). All
sequences were visually inspected, edited, assembled, and aligned using
the BioEdit v. 7.0.5.2 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html)
and the CodonCode Aligner (http://www.codoncode.com/aligner) soft-
Table 1
Primer sequences and PCR conditions for MC1R sequencing and PCR-RFLP analyse
Primer pair Forward and reverse primers
(5′-3′)
Fragment length
1 agtgcctggaggtgtccatcc
ctgacgctcaccagcaagt
169bp
2 agccatgagttgagcaggac
caggacaccagcctccag
376bp
3 gtgagcgtcagcaacgtg
acatagaggacggccatcag
366bp
4 gcctggttggcttcttcata
tggtctagcgatcctctttg
456bp
a PCR conditions describe annealing temperature (◦C)/MgCl2 concentration (m
Germany; PT=PT-100 thermal cycler - MJ Research, Watertown, MA, USA).d spots in the head. (For interpretation of the references to colour in this
ware. Nomenclature of the detected single nucleotide polymorphisms
(SNPs) was obtained following the Nomenclature for the description of
sequence variation (http://www.hgvs.org/mutnomen/).
2.3. Genotyping
Three missense mutations were genotyped by PCR-RFLP: one was
a novel mutation identiﬁed in this study (c.199C>T, p.R67C); two
other mutations (c.218T>A, p.M73K; and c.361G>A, p.D121N) cause
the ED allele. PCR ampliﬁcation was carried out with primer pairs
used for sequencing parts of the MC1R gene (Table 1). PCR condi-
tions were as already reported above. All digested products (5L of
PCR product in a total of 25L of reaction volume including 5U of
restriction enzyme and 1× reaction buffer) were electrophoresed in 10%
polyacryamide:bisacrylamide 29:1 TBE 1× gels. DNA fragments were
visualized with 1× GelRed Nucleic Acid Gel Stain (Biotium Inc., Hayward,
CA, USA). The c.199C>T SNP creates/disrupts a SsiI endonuclease restric-
tion site (CCGC). The 169bp ampliﬁed fragment was digested at 37 ◦C
overnight with SsiI restriction enzyme (Fermentas, Vilnius, Lithuania).
Electrophoretic pattern for the c.199C allele consisted of three fragments
of 82, 71, and 16bp while allele c.199T consisted of only two fragments
s.
(bp) PCR conditionsa Use
62/2.0/PT PCR-RFLP analysis with SsiI
(c.199C>T; p.R67C) and Hin1II
(c.218T>A; p.M73K)
64/1.0/PT Sequencing
61/2.0/TG Sequencing and PCR-RFLP
analysis with Tru1I (c.361G>A;
p.D121N)
58/2.0/TG Sequencing
M)/Thermal cycler (TG=TGradient thermal cycler - Biometra, Göttingen,
inant Research 91 (2010) 200–207 203
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Table 2
SNPs identiﬁed in the sheep MC1R gene.
SNP Gene region (amino
acid change)
Reference
c.-31G>A 5′-UTR This study
c.199C>T CDS (p.R67C) This study
c.218T>A CDS (p.M73K) Våge et al. (1999), this study
c.361G>A CDS (p.D121N) Våge et al. (1999), this study
of this region that, as consequence, can affect translation
efﬁciency and mRNA stability. To evaluate this hypothesis,
RNA secondary structure and stability of the two different
5′-UTR carrying the alternative alleles at this polymorphicL. Fontanesi et al. / Small Rum
f 87 and 82bp respectively. For the c.218T>A mutation, the ampliﬁed
ragment of 169bp was digested with Hin1II endonuclease (Fermentas;
ecognition sequence: CATG) at 37 ◦C. Allele c.218A was characterized by
woDNA fragments (146+23bp), whereas allele c.218T consisted of three
NA fragments (119+27+23bp). The analysis of the c.361G>A muta-
ion was obtained digesting a 366bp ampliﬁed MC1R gene region with
ru1I restrictionenzyme(Fermentas; recognition sequence, TTAA)at65 ◦C
vernight. The resulting PCR-RFLP pattern was characterized by one frag-
ent of 366bp (allele c.361G) or two fragments of 265+101bp (allele
.361A).
.4. Data analysis
In silico functional analysis of the novel identiﬁed missense mutation
as obtained using the SIFT (Sorting Intolerant From Tolerant) program
Ng and Henikoff, 2003) and the evolutionary analysis of coding SNPs
ool of PANTHER (Protein ANalysis THrough Evolutionary Relationships;
homas et al., 2003; Thomas and Kejariwal, 2004), whose predictions
ave been experimentally validated (Brunham et al., 2005). SIFT is a
equence homology-based tool that sorts intolerant from tolerant amino
cid substitutions and predicts whether an amino acid substitution at a
articular position in a protein will affect protein function and hence,
otentially alter the phenotype. Positions with normalized probabilities
0.05 are predicted to be deleterious. To evaluate this prediction, SIFT
alculates the median conservation value, which measures the diversity
f the sequences in the alignment. Conservation is calculated for each
osition in the alignment and the median of these values is obtained.
onservation ranges from log220=4.32, when a position is completely
onserved and only one amino acid is observed, to zero,when all 20 amino
cids areobservedat aposition. Predictionsbasedonsequencealignments
ithmedian conservation values higher than3.25 are less diverse andwill
ave a higher false positive error. Default options were used in our anal-
sis. PANTHER estimates the likelihood of a particular non-synonymous
amino-acid changing) coding SNP to cause a functional impact on the
rotein. It calculates the substitution position-speciﬁc evolutionary con-
ervation (subPSEC) score based on an alignment of evolutionarily related
roteins (Thomas et al., 2003, 2006; Thomas and Kejariwal, 2004). The
robability that a given variant will cause a deleterious effect on protein
unction is estimated by Pdeleterious, such that a subPSEC score of −3 cor-
esponds to a Pdeleterious of 0.5 (Brunham et al., 2005). The subPSEC score
s the negative logarithm of the probability ratio of the wild type and
utant amino acids at a particular position. PANTHER subPSEC scores
re continuous values from 0 (neutral) to about −10 (most likely to be
eleterious).
RNAstructure software v. 4.6 (Mathews et al., 2004) was used to
redict secondary structures and stability (expressed as minimum free
nergy) of the different sheep MC1R transcript alleles using default
ptions. The 5′-untranslated region (5′-UTR) of the sheep MC1R gene
composed of only one exon as in all other mammals) was deduced align-
ng the obtained MC1R sequences with that of the cattle MC1R cDNA
GenBank accession number: AF445642; Rouzaud et al., 2000).
For the sequenced animals, haplotypes including the identiﬁed SNPs
ithin the sheep MC1R gene were inferred using the PHASE program v.
.1 (Stephens et al., 2001).
A median-joining network (Bandelt et al., 1999) for these hap-
otypes was constructed using Network v. 4.510 (http://www.ﬂuxus-
ngineering.com), including the wild type goat MC1R coding sequence
GenBank accession number: FM212940; goat haplotype 4 in Fontanesi
t al., 2009a) to orient the network.
Evaluation of Hardy–Weinberg equilibrium was carried out with
hi-square analysis from the HWE software program (Linkage Utility Pro-
rams, Rockefeller University, New York, NY, USA).
. Results
.1. Identiﬁcation of polymorphisms and in silico
nalysis of their effectsSequencing 1045bp of the MC1R gene (including the
hole CDS of 954bp, 38bp of the 5′-UTR, and 53bp of the
′-UTR) in 73 sheep of different breeds revealed 5 novel
NPs that, together with the polymorphisms reported byc.429C>T CDS (synonymous) This study
c.600T>G CDS (synonymous) This study
c.735T>C CDS (synonymous) This study
Våge et al. (1999), increased substantially the number of
markers of the MC1R gene in this species (Table 2). Three
Massese sheep showed the c.218T>A and the c.361G>A
substitutions causing the p.M73K and the p.D121N amino
acid changes of the ED allele (Våge et al., 1999). Of the
novel SNPs, one (c.-31G>A) was located in the 5′-UTR
region, whereas the others were situated in the coding
region. Of the latter 4 polymorphisms, 3 were synonymous
SNPs (c.429C>T; c.600T>G; c.735C>T) and onewas a non-
synonymous mutation (c.199C>T) causing an amino acid
substitution (p.R67C) in the ﬁrst intracellular loop of the
MC1R protein (Fig. 2) in a highly conserved position across
species (Fig. 3).
In silico prediction of the functional effect of the p.R67C
amino acid substitution obtained with PANTHER indicated
that it is highly probable that this amino acid change causes
a deleterious effect on the normal functionality of the
MC1R protein (subPSEC=−6.68827; Pdeleterious = 0.9756).
The results obtained with SIFT indicated that the p.R67C
substitution is predicted to affect protein function with a
score of 0.01 (median sequence conservation=3.22; with
396 other sequences represented at this position, data not
shown), conﬁrming the prediction of PANTHER.
Due to its location in the 5′-UTR, the c.-31G>A could
have a functional effect altering the secondary structureFig. 2. Alignment of the deduced sheep MC1R protein around the p.R67C
substitution with the same protein regions of other species (GenBank
accession numbers: goat, FM212940; cattle, Y19103; cat, FM180571; dog,
AF064455; fox, AJ786717; horse, AF288357; human, AY363625; elephant,
DQ648866; mouse, BC119294; rabbit, AM180878; chicken, AY220304).
Dots indicate the same amino acid of the sheep protein.
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Fig. 3. Two dimensional structure of a portion of the sheep MC1R protein
in which the p.R67C substitution occurs (indicated with an arrow). Amino
acid substitutions and deletions identiﬁed in other species are indicated.
Circles bordered by a thick black line represent the activating amino acids
substitutions that havebeenpreviously reported to be associated todomi-
nant eumelanicphenotype inmice (Robbins et al., 1993), cattle (Klungland
et al., 1995), chicken (Takeuchi et al., 1996), pig (Kijas et al., 1998), sheep
(Våge et al., 1999), and bananaquit (Theron et al., 2001). The deletions
observed in jaguar and jaguarundi (Eizirik et al., 2003) have been sur-
rounded by a dotted or a bold dotted line, respectively. The two deletions
identiﬁed in rabbit have been reported in different colours (Fontanesi et
al., 2006). A putative functional substitution identiﬁed in goat and the
substitution causing the Extension e allele in cat are reported (Fontanesi
et al., 2009a; Peterschmitt et al., 2009). The inset at the right top shows
the secondary structure diagram of the whole protein with evidenced the
Fig. 4. Median-joining network showing relationships among the four
sheepMC1Rhaplotypes. To root thenetwork, the goatMC1R sequencewas
included (Fontanesi et al., 2009a), therefore, only the coding sequence is
considered. The black circles indicate the sheep haplotypes or the goat
sequence. A red square indicates the median vector. Haplotypes are indi-
cated according to Table 3. Branch length is proportional to the numberregion enlarged below it. The two dimensional-model of the MC1R pro-
tein was modiﬁed from Majerus and Mundy (2003). (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the
web version of the article.)
site was analysed using the RNA structure software. How-
ever, no substantial differenceswereobserved inminimum
free energy and secondary structure considering the two
alternative 5′-UTR (−129.6 and −129.7 kcal/mol for the c.-
31G allele and for the c.-31A allele, respectively).
3.2. Sheep MC1R haplotypes and genotyping results
The ﬁve novel identiﬁed SNPs and the two missense
mutations of the ED allele (Table 2) were organized in
four haplotypes (submitted to EMBL/GenBank with the
accession numbers FN600553, FN600554, FN600555, and
FN600556, respectively) (Table 3). If the 5′-UTR polymor-
phic site is omitted (the 5′-UTR of the sheep MC1R gene
was not reported in previous studies), haplotype 1 (c.-
31G, c.199C, c.218T, c.361G, c.429C, c.600T, and c.735C
nucleotides; [GCTGCTC]) corresponded to that identiﬁed
by Våge et al. (1999), representing the wild type MC1R
sequence (Table 3).
This haplotype was observed in all sequenced breeds
except in Massese. Haplotype 2 [GTTGCTC] differs from
haplotype1 for thepresenceof the c.199Tallele only, deter-
mining the p.R67C amino acid change. This haplotype wasof mutations. Each line is annotated (in red) with its corresponding muta-
tional change. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of the article.)
identiﬁed in Valle del Belice breed but not in any other
sequencedanimalsof otherbreeds.Haplotype3 [ACTGTGT]
differs by 4 polymorphic sites from haplotype 1. Haplotype
4 differs by haplotype 3 by the two missense mutations
of the ED allele (Våge et al., 1999). This haplotype was
identiﬁed only in few sequenced Massese sheep (Table 3).
Haplotype 3 was the only other haplotype identiﬁed in
Massese. This haplotype was also identiﬁed (but in gen-
eral with lower frequency) in all sequenced breeds, except
in Appenninica (Table 3).
A median-joining network showing relationships
among these four haplotypes, including the goat MC1R
sequence (Fontanesi et al., 2009a), is presented in Fig. 4.
Haplotype 1 seems the wild type ovine MC1R sequence
because it is the closest one to the goat sequence used
to orient the network (only one mutation event from the
medianvector). Twomutationevents fromthemedianvec-
tor characterize haplotype 3.
The three missense mutations were genotyped in a
largernumberof sheepbelonging to9differentbreeds, and,
including the sequenced 73 sheep, results were obtained
for a total of 388 animals. The genotyping of the p.R67C
missense mutation conﬁrmed the sequencing results, i.e.
the c.199T (p.67C) allele (haplotype 2) was observed only
in the Valle del Belice breed with a frequency of 21.3%:
112 (63.6%) Valle del Belice sheep were homozygous for
allele p.67R, 53 (30.1%) were heterozygous and 11 (6.3%)
were homozygous for allele p.67C. No deviation from
Hardy–Weinberg equilibriumwasobserved considering all
animals together (chi square =1.732,P=0.188) or analysing
the data per ﬂock (data not shown) suggesting that no
selection pressure is directly operated on this mutation.
The two missense mutations that determine the ED allele
(haplotype4)were identiﬁedonly in 5blackMassese sheep
(3 of which of the sequencing panel), always in heterozy-
gous condition.3.3. Association of MC1R mutations with coat colour in
sheep breeds
Association between MC1R polymorphisms and coat
colour can be evaluatedwithin breed (if there is coat colour
L. Fontanesi et al. / Small Ruminant Research 91 (2010) 200–207 205
Table 3
MC1R haplotypes identiﬁed in the sequenced sheep panel.
Breed/Populationa No. of sequencesb Haplotype 1
[GCTGCTC]
Haplotype 2
[GTTGCTC]
Haplotype 3
[ACTGTGT]
Haplotype 4
[ACAATGT]
Appenninica 4 4 – – –
Bergamasca 6 5 – 1 –
Comisana 20 10 – 10 –
Cornigliese-like 10 8 – 2 –
Delle Langhe 4 3 – 1 –
Massese 48 – – 45 3
Merinizzata Italiana 8 5 – 3 –
Sarda 26 21 – 5 –
Valle del Belice 20 10 8 2 –
Total 146 66 8 69 3
Haplotypes are indicated following the SNP positions in the MC1R gene: c.-31G>A, c.199C>T, c.218T>A, c.361G>A, c.429C>T, c.600T>G, and c.735C>T.
Haplotype 2 is the putative e allele. Haplotype 4 represents the ED allele.
a The coat colour of the sequenced sheep was: white hair and unpigmented skin for all Appenninica, Bergamasca, Delle Langhe, and Merinizzata Italiana
sheep, and 1 Cornigliese-like, 13 Sarda, and 3 Valle del Belice sheep; white hair with black spots in the face and in the body for 3 Cornigliese-like sheep;
w 7 Valle
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(hite hair and unpigmented skin with red or dark patches in the head for
nd part of the neck for all Comisana sheep; black hair with pigmented sk
kin for 6 Massese sheep.
b Two haplotype sequences for each animal.
egregation) or across breeds with different coat colour
henotypes.
Valle del Belice ﬂocks usually include completely white
nimals together with animals having coloured patches in
he head (around the eyes and/or in the ears or cheeks)
Fig. 1) probably due to incomplete ﬁxation of different
lleles at the Spotting locus (epistatic over other loci), as
uggested for other breeds (Sponenberg, 1997; Renieri et
l., 2008). The Spotting locus or other loci with similar
henotypic effectsmight act through inhibition or disregu-
ation of melanocyte migration from the neural crest at the
mbryonic level. This complicates the interpretation of the
esults as a complete characterization of the Spotting locus
n sheep is lacking. Therefore, when spots are present (that
eans presence of melanocytes in these areas) it could be
ossible to evaluate if different mutations are associated
ith the presence of eumelanic or pheomelanic colours.
o test this hypothesis we considered only the 79 Valle
el Belice sheep for which we had pictures of the head. Of
hese animals, 17 were completely white, whereas 53 had
ed/brown spots and 9 had black/dark brown spots around
he eyes, cheeks and/or ears. Of the three animals homozy-
ous for allele c.199T (p.67C; we had pictures for only 3
ut of 11 sheepwith this genotype, seepreviousparagraph)
wo had red or brown spots and onewas completelywhite.
ed spots were also present in sheep heterozygous at this
olymorphic site or homozygous for the alternative allele
data not shown). Therefore, there was no complete asso-
iation between the genotypes at the p.R67C substitution
nd coat colour in this breed.
In the Massese breed, all 5 sheep carrying the ED allele
ere black, indicating that this allele may have an effect
n determining the black coat colour in this breed. How-
ver, other animals of this breed that had the black coat
olourphenotype (no. 75) didnot carry this allele. Sequenc-
ng and genotyping black and grey animals did not reveal
ny difference in the MC1R gene (apart from the presence
f the ED allele in ﬁve animals). In this breed the ASIP gene
eems responsible for the black coat colour inmost animals
Fontanesi et al., in press-a).del Belice sheep; white hair with unpigmented skin with red cheeks, ears
Cornigliese-like, 18 Massese and 1 Sarda sheep; grey hair and pigmented
Coat colour heterogeneity was present in the
Cornigliese-like population but no association with
the presence of different MC1R haplotypes was observed
in the sequenced animals (Table 3).
The only black Sarda sheep carried haplotype 1 andhap-
lotype 3. Other four completely white sequenced sheep of
this breed had the same haplotype combination.
Analysing the MC1R results across breeds, it was inter-
esting to note that haplotype 3 was almost ﬁxed in the
Massese breed, but this haplotype was also present in
almost all other breeds. The in silico analysis did not pre-
dict any functional effect of the SNPs included in haplotype
3. Therefore, the high frequency of this haplotype in the
Massese breed might be interpreted as a possible result
of different mechanisms, other than the direct selection
on black/grey coat colour, that shaped the genetic pool of
this sheep breed. Heterogeneity of MC1R haplotype com-
bination was evident in several other breeds (Table 3)
suggesting that haplotype 1 and haplotype 3 might not
have functional effects on coat colour and could be con-
sidered wild type alleles at the Extension locus.
4. Discussion
Classical genetic studies identiﬁed two alleles at the
Extension locus in sheep: ED and E+ (Searle, 1968;
Sponenberg, 1997). Allele ED, that was subsequently char-
acterized at the molecular level (Våge et al., 1999), is
directly involved in affecting sheep pigmentation. This
allele causes the dominant black coat colour. The poly-
morphisms we identiﬁed in the MC1R gene deﬁned four
haplotypes, two of which (haplotype 1 and haplotype 3)
could be consideredwild type alleles at the Extension locus.
These two haplotypes are present in most of the analysed
breeds. It seems unlikely that other regulatory mutations
(present in non sequenced regions) in linkage disequilib-
rium with haplotype 3 might affect coat colour, as this
haplotype was present in different breeds with different
colours. However, it is interesting to note that the two mis-
sense mutations causing the ED allele were inserted in a
inant R206 L. Fontanesi et al. / Small Rum
haplotype 3-derived haplotype (haplotype 4). This infor-
mation was not reported by Våge et al. (1999).
The p.R67C substitution (haplotype 2) may have impor-
tant functional effects. This mutation causes an amino acid
change in a highly conserved position of the ﬁrst intracel-
lular loop of the MC1R protein (Figs. 2 and 3). The same
amino acid substitution has been identiﬁed in a beach
mouse subspecies (Peromyscus polionotus; p.R65C position
in mice due to the upstream lack of two amino acids) hav-
ing adaptive pale coat colour (Hoekstra et al., 2006). In vitro
functional tests (cyclic AMP and ligand-binding assays) of
the two beach mouse alleles indicated a reduction in basal
and stimulated cAMP formation caused by the p.65C allele
(Hoekstra et al., 2006). As eumelanin production is associ-
ated with MC1R-mediated cAMP formation, reduced cAMP
synthesis was the indirect cause of the lack of dark pig-
mentation in mice expressing the p.65C allele (Hoekstra et
al., 2006). The p.R67C amino acid change was also identi-
ﬁed in mammoth specimens (Römpler et al., 2006). In vitro
functional analysis ofMC1Rconstructedexpressionvectors
revealed the mammoth p.R67C substitution as the main
cause for MC1R dysfunction as also evidenced in beach
mice (Römpler et al., 2006). Therefore, combining in silico
prediction results and in vitro functional tests carried out
in other species, it is highly probable that the sheep p.R67C
amino acid change gives pheomelanic coat colour. This is
conﬁrmed in Valle del Belice sheep homozygous for the
p.67C allele, in which no complete epistatic inhibition of
coat colour could be attributed to other loci. The two sheep
homozygous for this allele that presented coloured spots in
the head showed a pheomelanic-like phenotype. Thus, we
propose that the p.67C allele represents the e allele at the
ovine Extension series that was, so far, not completely rec-
ognized in sheep by classical genetic studies (Searle, 1968;
Sponenberg, 1997), probably due to its presence in few
breeds (we have identiﬁed it only in the Valle del Belice
breed), its low frequency (21.3% in this breed), and because
it should be recessive. It will be interesting to genotype
other sheep breeds to have a complete evaluation of its
distribution and to infer its possible origin.
However, it is worthwhile to mention that the
pheomelanic-like phenotype in Valle del Belice sheep does
not seem to be caused only by the identiﬁed MC1R muta-
tion. A similar complexity in determining the reddish coat
colour has been identiﬁed in goats in which MC1R as well
as other genes have been suggested to cause red/pale phe-
notypes (Fontanesi et al., 2009a).
Another issue that should be considered is the degree of
redness or paleness that this new allele might give to the
coat colour of the homozygous animals, depending on their
genetic background. For example, in cattle several breeds
carrying the e allele show a wide range of redness/paleness
(from brown to white) (Klungland et al., 1995; Maudet and
Taberlet, 2002; Rouzaud et al., 2000; Russo et al., 2007). The
AWt allele has been suggested to determine, at least in part,
the white pheomelanic coat colour (Sponenberg, 1997).
The molecular basis of the AWt allele has been recently
determined by Norris and Whan (2008) who identiﬁed a
copy number variation affecting the ASIP, AHCY, and ITCH
genes. However, it seems evident that other loci (e.g. Spot-
ting locus) are involved in determining white coat colouresearch 91 (2010) 200–207
in sheep (Renieri et al., 2008), as also supposed in goats
(Fontanesi et al., 2009b). Analysing the ASIP gene in several
sheep breeds, we conﬁrmed this hypothesis (Fontanesi et
al., in press-a). Moreover the results we obtained for the
MC1R gene can indirectly conﬁrm that different loci other
than the Agouti locus determine white hair. This derives
from the fact that the expression of any mutated Agouti
alleles would require a wild type Extension allele (Searle,
1968).
In silico and functional evaluations of the p.67C MC1R
allele strongly indicate that this mutation inhibits the nor-
mal function of the MC1R protein, epistatic over the Agouti
locus, independently to the presence of any Agouti allele.
However, Valle del Belice sheep homozygous for the p.67C
allele have white coat colour in the body except for a few
small red or brown spots in the head (no. 2) or are com-
pletely white (no. 1). This could be an indirect proof of the
fact that the Agouti locus would not have any direct effect
on this coat colour and (an)other locus (loci) (epistatic over
Extension and Agouti) should be involved in determining
white coat colour in these animals. Epistatic effects ofwhite
caused by KIT gene alleles have been already described in
pigs (Fontanesi et al., in press-b; Marklund et al., 1998).
5. Conclusion
The results we obtained conﬁrmed, in general, that the
MC1R gene is not the most important genetic factor that
determines hair colour in sheep, at least in the analysed
Italian breeds. Mutations in the ASIP gene seem to account
for a larger number of coat colour phenotypes (Fontanesi et
al., in press-a; Gratten et al., 2010; Norris and Whan, 2008;
Royo et al., 2008). In addition, other loci should be involved
in deﬁning white hair with or without the combined effect
of theAWt Agouti allele. However, the presence of a putative
e allele at the Extension locus could open new perspec-
tives for the constitution of specialized sheep lines for the
production of coloured hair, as requested by wool mar-
ket niches. Introgression of this new allele in black sheep
homozygous for non-agouti alleles could make its expres-
sion possible without any confounding effects of other loci.
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